We have used inelastic neutron scattering measurements to study the magnetic excitations of Co core/CoO shell nanoparticles for energies from 0-50 meV. Above the blocking temperature TB, broad quasielastic scattering is observed, corresponding to the reorientation of the Co core moments and to paramagnetic CoO scattering. Below TB, two nearly dispersionless inelastic peaks are found, whose energies increase with decreasing temperature as order parameters, controlled by the nanoparticle Néel temperature TN =235 K, and saturating as T→0 at 2.7 meV and 6.7 meV, respectively. Similar excitations were observed in a powdered single crystal of CoO, indicating that both are intrinsic excitations of CoO, resulting from the exchange splitting of single ion states for T≤TN . Pronounced finite size effects are observed for the scattering from the CoO nanoparticle shells, whose thicknesses range from 1.7-4.5 nm. These include an enhanced excitation linewidth, as well as a response that is not only spread over a much wider range of wave vectors, but is also significantly more intense in the nanoparticles than in bulk CoO.
The utility of small ferromagnetic (FM) particles for magnetic recording applications requires that their moments must be stabilized against thermally induced reversal, most often by exchange coupling to an antiferromagnet (AF) [1] [2] [3] . We still have an incomplete understanding of this fundamental process. In equilibrium, is there a uniform reversal of the particle moment, or are there intermediate states where the magnetization is spatially modulated and transient [4] [5] [6] [7] [8] [9] ? How is the energy of reversal extracted from and returned to the thermal bath? What limits the rate at which the magnetization direction can be reversed? Finding answers to these questions will pave the way to designing improved nanoscaled devices where the moment is maximally stable in zero field, but can be switched as quickly as possible with the application of an external stimulus such as field, light, or current. Key to understanding the magnetic dynamics of nanoscaled systems is an experimental explication of their fundamental excitations, or normal modes, particularly on length scales that are smaller than the particle size and on time scales shorter than the moment reversal time 8, 10, 11 . These excitations are expected to be significantly altered from those of their bulk counterparts by finite size effects 12, 13 , impacting as well their equilibrium properties, such as the specific heat 12 , the uniform magnetization 14 , and the electrical and thermal conductivities. Most experimental studies of the dynamics of magnetic particles have focussed on surface modes or modes with spatially uniform magnetization. At the highest temperatures, the nanoparticle magnetization changes direction via superparamagnetic fluctuations, evidenced by the broad and quasielastic scattering found in inelastic neutron scattering experiments [15] [16] [17] . Below a characteristic blocking temperature T B , there is insufficient thermal energy in equilibrium to completely reverse the nanoparticle moment, which instead precesses in the presence of internal or external fields. The precession mode can be considered a q=0 spin wave, and its energies and lifetimes in different types of nanoscaled systems have been studied using inelastic neutron scattering 14, 16, [18] [19] [20] [21] , as well as Brillouin scattering [22] [23] [24] [25] [26] and ferromagnetic resonance experiments 25, 27, 28 . Precession modes have been studied in both ferromagnetic and antiferromagnetic nanoparticles, where the field in the latter case couples to the net moment of unterminated surface spins.
The challenges to observing magnetic excitations with nonzero wave vectors and energies pertinent to low temperature moment reversal are considerable. A basic limitation is that their wave length cannot exceed the particle size d, limiting experiments to wave vectors that are greater than π/d. The strong spin wave dispersions characteristic of ferromagnetic metals such as Co and Ni 29, 30 consequently restrict these excitations to inconveniently high energies for neutron scattering investigations when the particle size is ≈10 nm or less. More feasible are studies of antiferromagnetic particles, where the dispersion can be much weaker and a full range of nearly discrete excitations at different energies is possible.
We report here the results of inelastic neutron scattering experiments conducted on Co/CoO core-shell nanoparticles. At high temperatures, we detect the characteristic signatures of the reversal of the Co core magnetization, as well as paramagnetic scattering from the CoO shells. Below the blocking temperature, we observe a new magnetic mode that is inelastic and very weakly dispersing. We show that this excitation is also present in bulk CoO, although it has not previously been observed. CoO is an ideal benchmark system for comparing the excitations of nanoscaled and bulk systems, which have been extensively studied in the latter using triple axis neutron scattering [31] [32] [33] [34] and optical spectroscopy 35-37 measurements, and where theoretical models for the underlying excitation structure are well developed 34,35,37-40 but still controversial.
Finite size effects can be expected to play a major role in the 1.7-4.5 nm thick CoO nanoparticle shells considered here. These effects are most familiar in the context of structure, where correlations with length scales larger than the shell dimension are absent from the bulk structure factor [41] [42] [43] . The range of correlations is further shortened by the nanoparticle form factor [44] [45] [46] , and in many cases by the disordering of the nanoparticle surface, sometimes accompanied by the formation of long ranged defect structures 42 . When these considerations are extended to the magnetic structure, the net result is that magnetic Bragg peaks are substantially wider than their bulk analogs and the diffuse scattering background is enhanced 47 . The Scherrer formula is useful for approximating an average length scale from a diffraction peak for nanoparticles 48 , but to obtain more detailed information about their structural modifications requires a more sophisticated treatment, such as the Pair Distribution Function approach 49 .
Much less is known about the impact of finite size effects on the dynamics of nanoparticles. Most work has so far focussed on ferromagnetic particles 12, 13, 50 , where the fundamental excitations are strongly dispersing in the bulk. In nanoscaled systems, the loss of translational invariance implies that the system eigenfunctions become a superposition of the bulk eigenfunctions with a wave vector distribution whose breadth increases with decreasing system size. While a separation of spin wave and particle-hole excitations is possible in bulk metallic ferromagnets, this is not the case in nanoscaled systems, leading to elementary spin excitations of considerable complexity. Also expected is a large scaled redistribution of spectral weight in nanoscaled systems to larger wave vectors and energies, relative to the bulk. At low energies, the anisotropy gap in the magnon spectrum generally increases with decreasing particle size, yielding a net increase in the average excitation energy 13, 50 . At the same time, the dispersing nature of the magnetic excitations in metallic ferromagnets ensures that the high energy part of the magnetic response is spread over an increasing range of wave vectors and thus energies, shifting towards increasingly high energies as the system size decreases 12 . Finally, the lifetimes of the magnetic excitations are generally much shorter than their bulk counterparts. Variations in the profile of the magnetization within the particle, and especially at the particle surface itself, enhance the decay of magnetic excitations, in particular the q=0 precessing mode, producing pairs of excitations with nonzero wave vectors and energies.
There is currently very little theoretical and practical guidance for understanding how finite size effects affect the magnetic excitations of functional nanomagnetic particles, such as the exchange biased Co core/CoO shell nanoparticles that we study here. The length scales of these particles are sufficiently small that the magnetic excitations in these systems are expected to differ in significant ways from those of their bulk analogs 14, 51 , yet the length scales are sufficiently large that the direct calculation of magnetic eigenstates that is carried out in small systems like molecular magnets 52,53 becomes impossible. Further, understanding the underlying processes of core reversal and reorientation requires a knowledge of magnetic excitations with energies and wave vectors that correspond to spatial and temporal modulation of the core magnetization itself 8, 10, 11 . The experimental results that we report here provide the first insight into these magnetic modes in a flagship system for functional nanomagnetism, exchange biased Co core/CoO shell nanoparticles.
II. EXPERIMENTAL DETAILS
We synthesized bare Co nanoparticles in oleic acid 54, 55 and oxidized them by bubbling oxygen for different times through the boiling solution at 180 o C. The resulting core-shell nanoparticles were precipitated by adding ethanol to the solution and the surfactant was subsequently removed by heating to 90 0 C in a vacuum oven. We also prepared a 24 g single crystal of CoO, using an image furnace under a partial oxygen pressure. This crystal was subsequently crushed to a fine powder for comparison to the nanoparticle samples. Magnetization measurements confirmed that the powder orders antiferromagnetically at the accepted Néel temperature of bulk CoO, T N =293 K. No sign of contamination with Co 3 O 4 was found in magnetization and powder x-ray measurements of the powdered bulk CoO crystal.
We have carried out an extensive characterization of the core-shell structure and its relationship to the magnetic properties of Co/CoO nanoparticles that were synthesized in the same way as those reported here. We combined electron microscopy, small-angle x-ray scattering and magnetization measurements to determine the core and shell dimensions of the nanoparticles, and as well to establish that particles grown using this low temperature synthesis and oxidation have core and shell dimensions that are highly monodispersed 47, 55 . Direct examination using high resolution transmission electron microscopy show the near epitaxial quality of the core-shell interfaces, as well as their considerable directionality. Neutron diffraction measurements were previously carried out on a collection of similar Co core/CoO shell nanoparticle samples that included samples 1 and 2 of the current study, finding in each case that the Néel temperature T N ≈ 235 K 47 . The magnetic blocking temperature T B separates the high temperature regime where the Co cores are superparamagnetic from the low temperature regime where core reversal is energetically blocked. T B was experimentally defined as the temperature where the field cooled and zero field cooled magnetizations first separate, and where the exchange bias field H EB first becomes nonzero. Despite their very different core and shell dimensions, T B was determined to be ≈ 200 K in all five samples reported here, just as we found in our previous studies on similar Co/CoO core shell particles 55 . We believe that the lack of dependence of T B ≈(K(V)V)/k B on the core volume V confirms the presence of a volume dependent magnetocrystalline anisotropy K(V)≈1/V, previously reported for Co particles smaller than 10 nm 56 . Dilution studies 55 found that T B is independent of particle separation, indicating that the slowing of the core dynamics at T B primarily results from the exchange interaction between the antiferromagnetic CoO shell and the ferromagnetic Co core, and not from interparticle interactions.
The properties of the five samples used in the neutron scattering measurements are summarized in Table 1 . About 2 g of nanoparticle powders were loosely packed in aluminum foil and then placed in standard sample containers for the neutron scattering measurements. We performed zero field inelastic neutron scattering experiments on nanoparticle powders Co/CoO#1-4 at the NIST Center for Neutron Research, using the Disk Chopper Spectrometer (DCS) with an incident neutron wavelength λ i =3.5Å. We used the Cold Neutron Chopper Spectrometer (CNCS) at the Spallation Neutron Source at Oak Ridge National Laboratory to perform similar measurements with λ i =2.34Å on Co/CoO#4/5, as well as on the powder of bulk CoO. In addition, we used the shorter wavelength of λ i =1.22Å at CNCS, in order to access excitations at energy transfers as large as 50 meV. The empty sample containers and a vanadium standard were measured using both DCS and CNCS at 300 K. The vanadium measurements were used to define the resolution functions of each instrument. The data were analyzed using the DAVE software 57 , and were corrected for the dynamical factor k i /k F , the background, and the instrumental resolution. In some cases the data were symmetrized, transforming the scattered intensity to the imaginary part of the dynamical susceptibility χ ′′ (q,E) by dividing through by the detailed balance factor.
III. EXPERIMENTAL RESULTS
An overview of the results is presented in Fig. 1a , which shows the energy E dependence of the scattered intensity I(E), integrated over wave vectors q, for temperatures above and below the blocking temperature T B . At the highest temperatures, the scattering is broad and quasielastic. As the temperature is reduced, the quasielastic linewidth is reduced and the overall scattering intensity decreases. Interestingly, there is little dynamical signature of the onset of antiferromagnetic order at T N . The scattering changes dramatically at T B , where the quasielastic scattering collapses and is replaced by an inelastic peak that shifts to larger energies and becomes less intense as the temperature is reduced still further. For comparison, the dynamical susceptibility χ ′′ (q,E) is presented for a range of temperatures above and below T B in Fig. 1b , confirming that the inelastic excitation is present at the lowest temperatures. The reduction in its scattered intensity with decreasing temperature in I(q,E) is not the consequence of the detailed balance factor, but presumably reflects the transfer of spectral weight to the elastic line as the temperature is reduced further into the antiferromagnetic phase. To show that this result is representative for all measured wave vectors, the full energy and wave vector dependence of the scattered intensity I(q,E) is plotted for T=150 K in Fig. 1c . We see that the inelastic excitation is peaked near ±3 meV, and shows very little dispersion, although its intensity increases strongly with increased wave vector q.
Different fitting functions are appropriate for describing the data above and below T B , and we will treat these two temperature regimes separately. In all cases, however, the measured scattered intensity I(q,E) of the Co/CoO nanoparticles was fitted by a theoretical scattering function I theor. (q,E),
where C is the normalization constant, and ℜ(q,E) is the resolution function obtained from vanadium measurements. Different analytical expressions have been used to describe I theor. (q,E) above and below T B .
We begin by describing the quasielastic scattering for T≥T B . Fig. 2a shows that it consists of two separate components with very different widths: I N arrow , which is only slightly broader than the experimental energy resolution, and I Broad , which is responsible for the majority of the scattered intensity in this temperature range. I Broad and I N arrow are modeled by Lorentzian functions centered at 0 meV, giving
(2) The elastic scattering δ(q, 0)is given by a delta function, broadened by a resolution function that was obtained from measurements on a vanadium sample. An example of the fit quality is given in Fig. 2a . The narrow Lorentzian component is rather weak, but by comparing the fit in Fig. 2a , which includes the narrow Lorentzian, the broad Lorentzian, and the resolution broadened delta function of Eq. 2, to the fit represented in Fig. 2b , which includes all of these functions except the narrow Lorentzian, it is evident that both the broad and narrow Lorentzian components are required to produce the best fit to our data. We note that we fit only the neutron energy gain part of the DCS data, while the entire energy range was used in the CNCS data set.
The temperature dependence of the linewidth of the narrow Lorentzian, Γ N arrow is plotted in Fig. 2c for two different samples. In both cases, Γ N arrow decreases considerably between 325 K and 250 K, and this temperature dependence as well as its magnitude suggest, in accordance with previous reports 19, 20, [58] [59] [60] , that I N arrow represents scattering arising from superparamagnetic fluctuations of the Co core, where the core magnetization spontaneously reorients between two easy directions separated by an energy barrier ǫ(V Co ) = K(V Co )V Co . Here, V Co is the Co core volume and K is the volume dependent anisotropy. These fluctuations become slower as the temperature is reduced, approaching the experimental energy resolution as T→T B . The time scale τ ∼ /Γ N arrow of these superparamagnetic fluctuations is governed by an Arrhenius-like temperature dependence τ = τ 0 exp(ǫ/k B T ) 61 , giving ǫ(V Co ) for the Co/CoO#3,4 samples of 62±6 and 61±3 meV, in good agreement with the value of 78 meV reported for bare Co nanoparticles of a similar size 56 . Fig.  2c shows that the behavior of the broad Lorentzian component I Broad is very different, in that its linewidth Γ Broad increases slightly with decreasing temperature. We ascribe this result to dynamical coupling between the Co core and CoO shell, and indeed it vanishes abruptly with the quasielastic scattering when the core dynamics freeze at T B .
The emergence of the inelastic peak below T B necessitates a different fitting function, as shown in Fig. 3a . Close inspection of the data indicates that there are two inelastic peaks present, one centered near ±3 meV and the second near ±6-7 meV. There is no evidence for residual quasielastic scattering on this temperature range, except possibly very close to T B . Consequently, we used the following expression for T≤T B :
(3) where δ(q, 0) is a delta-function describing the elastic scattering at E = 0 meV, while I IN (q, E ± E 1,2 ) is the sum of two Lorentzian functions describing inelastic excitations centered at E 1 and E 2 , appearing for both neutron energy gain (E<0) and neutron energy loss (E>0):
The overall quality of the fits is demonstrated in Fig.  3a , where we have plotted the dynamical susceptibility χ ′′ (q,E) at 50 K for a constant wave vector cut with a width of 0.12Å −1 centered at q=1.27Å −1 . We note that an alternative fit, where we have a single inelastic excitation at E 1 and a very broad quasielastic peak providing excess intensity above ∼6 meV provides a less accurate fit to the measured data, both at the lowest energies, and as well underestimates the scattering above ∼ 6 meV. The variation at 150 K of the two excitation energies E 1 and E 2 with wave vector is presented in Fig. 3b . The dispersions of the modes are very weak, approaching our experimental uncertainty. The temperature dependence ofĒ 1 , obtained from fits of the scattered intensity I(q,E) integrated over all wave vectors, has the general appearance of an order parameter (Fig. 3c) .Ē 1 becomes nonzero below T≈T N , and follows a mean-field temperature dependence, saturating at a constant value of 2.7±0.2 meV as T→0 K. The excitation at E 2 behaves similarly, approaching 6.7 meV as T→0. We observe no significant variation of the magnitude ofĒ 1 among the five different samples studied, and its resemblance to the antiferromagnetic order parameter previously determined by neutron diffraction measurements 47 indicates that this is an intrinsic excitation of the CoO shells, as we will discuss further below.
Previous neutron scattering measurements reported uniform precessional modes of both ferromagnetic and antiferromagnetic nanoparticles 59, 62 . The energies of the inelastic modes reported here are too large to be explained as precessional modes, and their clear relationship to the CoO order parameter makes it imperative to carry out reference experiments on bulk CoO. The energy and wave vector dependencies of the scattered intensity I(q,E) for a powdered single crystal of CoO at 50 K is presented in Fig. 4a . Virtually all of the scattering is elastic, as might be expected for a bulk antiferromagnet for T≪T N . Fig. 4a confirms that any quasielastic or inelastic scattering found in the energy range 0≤E≤10 meV is very weak. However, a more careful inspection (Fig.  4b ) reveals the presence of inelastic scattering peaked near q=1.27Å −1 , corresponding to the magnitude of
2 ), the primary antiferromagnetic wave vector of bulk CoO [63] [64] [65] [66] . We have carefully analyzed the inelastic scattering intensity I(q,E) of powdered bulk CoO, and examples of our results for a wave vector cut centered at q AF are shown in Fig. 5 , both in the paramagnetic phase (300K, Fig. 5a ) and in the antiferromagnetically ordered phase (50 K, Fig. 5b) . For T≥T N , the scattering is broad and quasielastic, implying that the similar scattering I Broad (q,E) that we observed in the nanoparticles on this temperature range is also likely to be paramagnetic scattering from the CoO shells. We note that the 300 K data were obtained in air, so there is an unusually large background term for this data set. There are two distinct peaks near 3 meV and 5-6 meV evident in the 50 K data set, superposed on a broad and sloping background. Different fitting functions are required in the paramagnetic and antiferromagnetic phases. Below T N =293 K, we used
where δ(q, 0) describes the elastic scattering, and I IN (q, E + E 1 ) and I IN (q, E + E 2 ) are two Lorentzian functions centered at E 1 ≈3 meV and at E 2 ≈5.7 meV, respectively. The third function I BKG (q, E) is a very broad Lorentzian centered at ≈ 4 meV, which we use to model the scattering background.
For the 300 K data we used a different function:
where I Broad (q, E) and I BKG (q, E) are two quasielastic Lorentzians centered at 0 meV. The quality of these fits is demonstrated in Figs.5a and 5b. The energies of the inelastic excitations are similar to those found for the Co/CoO nanoparticles, but the excitations in powdered bulk CoO are only found for a limited range of wave vectors near q AF . Fig. 6a compares I(q,E) and its fits at 50 K for three different wave vectors, 0.73Å −1 , q AF =1.27Å −1 , and 1.65Å −1 . Only the barest trace of the inelastic peak is present at 0.73Å −1 , and it is wholly absent at 1.65Å −1 . The integrated intensity of the fitted inelastic peak, corrected for detailed balance, is strongest at the antiferromagnetic ordering wave vector q AF =1.27Å −1 , and for temperatures above 50 K (Fig.  6b) . We have compared E 1 (q) and E 2 (q) to the dispersions measured in the Co/CoO nanoparticles in Fig. 3b . E 1 (q) is 15-20 % larger in bulk CoO than in the nanoparticles, and shows a similarly weak dispersion. Although our data span a somewhat limited range of temperatures, the temperature dependence of E 1 , integrated over wave vectors 0.8≤q≤1.5Å −1 , is also consistent with a mean field expression, this one vanishing at the 293 K Néel temperature of bulk CoO, while saturating at 3.1 meV as T→0.
IV. DISCUSSION
While the excitation energies and their dispersions are very similar, there are some significant differences in the properties of CoO in the bulk and nanoparticle forms. We have plotted the wave vector integrated scattering intensity for both systems at 50 K in Fig. 7a , normalized by the mass of CoO. Two inelastic excitations are observed for both powdered bulk CoO and for the Co/CoO#4 nanoparticle sample, with E 1 =3.1 meV and E 2 =5.8 meV in powdered bulk CoO and E 1 =2.7 meV and E 2 =6.6 meV in the Co/CoO nanoparticles. Fig. 7a shows that both the E 1 and E 2 peaks are much broader in the nanoparticles than in the bulk powder. Fig. 3e compares the wave vector dependencies of the E 1 peak intensities, which are strongly peaked at the antiferromagnetic wave vector in bulk CoO, but increase monotonically with wave vector in all the nanoparticle systems. However, the most striking difference between the inelastic peaks in the two systems is the relative magnitudes of their intensities. Figs. 7a and 3e show that the E 1 peaks in the nanoparticle systems, normalized by the CoO mass, are as much as 500 times more intense than their analogs in powdered bulk CoO.
Before we begin our discussion of the physical origin of these excitations, we will establish an explicit comparison of intensities between our experiments and previous triple axis neutron scattering studies that were carried out on CoO crystals [31] [32] [33] [34] . These latter experiments were either carried out at much higher energy transfers than ours, or found no excitations at the low energies of our experiments, focussing instead on the magnetic excitations found at energies of 20 -30 meV and above. To make the connection between the two sets of experiments explicit, we have carried out inelastic neutron scattering measurements on Co/CoO#4 and powdered bulk CoO at 150 K, using an incident neutron wave length of 1.22 A to access energy transfers as large as 50 meV. The results were integrated over wave vectors and are compared for the two forms of CoO in Fig. 7 b,c. In both samples, two distinct peaks were observed at ≈ 20 meV and 30 meV, in reasonable agreement with previously reported spin wave energies [31] [32] [33] [34] . Just as for the 3 meV E 1 peaks, we see that the linewidths of these higher energy magnetic excitations are substantially larger in the nanoparticle sample, although the excitation energies are only slightly shifted. Similarly, the integrated intensities of these peaks, when normalized by the CoO mass, are almost 40 times larger in the nanoparticle sample than in bulk CoO. These data make it clear why the 3 meV excitation has not been observed previously in the triple axis experiments on single crystals of CoO, as its intensity in powdered bulk CoO is ≈ 50 times weaker than that of the 20 meV peak. Indeed, the large counting rate of CNCS was absolutely indispensible for observing this excitation in powdered bulk CoO. There has been considerable discussion of the magnetic excitations in CoO over the past 50 years, including both theoretical analyses 38, 39, [67] [68] [69] [70] , and studies of the excitations by both inelastic neutron scattering and optical methods [31] [32] [33] [34] [35] [36] [37] [71] [72] [73] [74] . The basic model Hamiltonian for understanding the fundamental excitations in CoO was initially proposed by Kanamori 38 , who observed that the orbital moment of Co 2+ is not completely quenched by the crystal fields, so that the further action of the spin-orbit and exchange interactions ultimately determines the level spacing and dispersions that are observed in experiments. Sakurai 31 carried out the first inelastic neutron scattering experiments on a single crystal of CoO, finding two nearly q-independent bands of states between 27 and 31 meV, which he attributed to transitions among single ion levels split by exchange interactions in the antiferromagnetic state. In the following year, Daniel 35 performed infrared absorption measurements 35 that revealed additional structure within Sakurai's band of states, identifying excitations with q=0 energies at 26, 27, and 30 meV. Using a symmetry analysis and Kanamori's initial Hamiltonian, Daniel argued that the first neighbor exchange interaction J 1 is small, and that the second neighbor exchange J 2 was at least an order of magnitude smaller than that reported by Sakurai, consistent with the very weak dispersion observed in the neutron scattering measurements.
The relatively coarse energy resolution and limited access to low energies that were achieved by neutron scattering experiments in the 1960's precluded a more detailed analysis of the full spectrum of spin and orbital excitations that was presumed to be present. A recent series of inelastic neutron scattering experiments 32, 34 has rekindled interest in the excitations of CoO by resolving a number of new magnetic excitations. The lack of excitations below 18 meV in this new generation of experiments leads to a somewhat different scenario than proposed by either Sakurai or Daniel, proposing that this 18 meV gap results from the mixing of the j=1/2 ground doublet and the j=3/2 spin orbit states by a large exchange J 2 34 . Our observation that the energies of the E 1 and E 2 excitations are proportional to the antiferromagnetic order parameter in both powdered bulk CoO and in Co/CoO nanoparticles suggests that these excitations are the direct consequence of the exchange splitting in the ordered state, comparable to the higher energy magnetic excitations studied most recently by Yamani 33, 34 . The small magnitude of the excitation energy E 1 (q) and its almost complete lack of dispersion supports the previous conclusion that J 2 is small, and indeed a similarly small zone center excitation energy was predicted by Daniel 35 . We have considered the same expression for the excitation spectrum 35 :
where Table 2 the range of values that appear in the literature for the near neighbor and next neighbor exchange constants J 1 and J 2 in CoO, where our experimental results suggest a revision to values that are much smaller than those deduced from higher energy excitations. We note that these parameters and this model successfully produce two higher energy excitations at ≈ 21 meV and 32 meV, consistent with previous findings on this energy range 31, 33, 34 . Based on this comparison of bulk and nanoscaled CoO, we conclude that the E 1 and E 2 excitations have the same origins in both systems, namely that they result from the exchange splitting of single ion energy levels. The excitation energies differ by ≈ 15% in bulk and nanoscaled CoO, and their temperature dependencies follow the order parameters dictated by their respective Néel temperatures. In both cases, the excitations have similarly weak dispersions. It is perhaps surprising that these excitations have such similar properties in bulk CoO and in Co/CoO core-shell nanoparticles, where the CoO shells are less than 2 nm thick. The relative weakness of the exchange coupling relative to crystal field and spin orbit energies in CoO is responsible for the minimal dispersion of the spin waves, and we conjecture that this predominantly local character of these excitations makes them more resistant to finite size effects than the strongly dispersing magnetic excitations found in metallic magnets, where these effects can be very large 13, 50 . While the basic excitations appear to have the same origins in bulk and nanoscaled CoO, there are clear signatures of finite size effects in the latter. Fig. 8 compares the linewidths Γ 1 of the E 1 inelastic peaks in bulk and nanoscaled CoO. Γ 1 increases gradually with wave vector in bulk and nanoscaled CoO, consistent with the conventional scenario for bulk antiferromagnets 76 . The excitation linewidths are as much as a factor of four larger in the nanoscaled CoO than in the bulk. Similar excess broadening has previously been observed for the precessional mode in both ferromagnetic and antiferromagnetic nanoparticles 77 and thin films 24, 78 . It is explained by acknowledging that the lifetime of the q=0 spin wave is limited by its decay via scattering into spin wave modes with q =0, and not by the spin-lattice relaxation time, which is known to be much longer [79] [80] [81] . In thin films, the q=0 mode decays into a pair of magnons with ±q via scattering from random fields at the film surface [82] [83] [84] . Fig. 8  indicates that Γ 1 (q) is the same for CoO shells that are 1.7 nm thick and 4.5 nm thick, which consequently have very different surface areas. For this reason, we consider it more likely that impurity scattering and not surface scattering is the primary decay mechanism for the magnetic excitations with nonzero wave vector in Co/CoO core-shell nanoparticles in thermal equilibrium 79, 85, 86 , a result that has been separately proposed for ultrathin antiferromagnetic films 87 .
The most striking differences between the inelastic scattering in the bulk and nanoscaled systems are its relative intensities I(q). Fig. 6b shows that the 3 meV inelastic peak is only observed for a limited range of wave vectors near the antiferromagnetic q AF in powdered bulk CoO, while it is much more diffuse in nanoscaled CoO, where we find I(q)≈ I 0 +Aq 2 (Fig. 3d) . It is possible that at least some of the q-dependent part of this intensity arises from enhanced coupling of the E 1 excitation to a dispersing relaxational mode, perhaps having the same source as the large and q-dependent broadening of the inelastic linewidth. However, this explanation cannot reasonably explain the massive enhancement of the intensity of the E 1 excitation in the nanoparticles. Fig.  3d shows that the intensity of the 3 meV E 1 peak, when normalized to the known amounts of CoO present in each sample, is almost 500 times stronger in nanoscaled CoO than in bulk, and for the 20 meV spin wave, a factor of 40 larger in nanoscaled CoO than in the bulk (Fig. 7b) . Considering the sum rule that limits the total magnetic scattering possible per gram CoO, this effect cannot be an overall amplification of the scattering in nanoscaled CoO, but rather a dramatic shift of spectral weight into the finite window of wave vectors and energies accessed in our experiments. A comparison of Fig. 1c and Fig. 4a shows that the spin wave population is strongly shifted towards larger wave vectors and smaller wavelengths in nanoscaled CoO, relative to bulk CoO. It is most likely that this excess scattering comes at the expense of scattering that would be elastic in bulk CoO, such as the magnetic Bragg peaks. Similarly, the spectral weight that corresponds to long wave length quasielastic and inelastic scattering, now prohibited by the requirement that excitations must have q≥π/d, pushes this spectral weight to higher energies and shorter time scales. Accordingly, Fig. 7 shows that this effect is an order of magnitude stronger at low energies (E≤10 meV) than at large (20≤E≤30 meV). This dynamical broadening and shifting of spin wave intensity to larger wave vectors was predicted in numerical studies of very small ferromagnetic particles 12 , and it is interesting and perhaps surprising that this effect is apparently still robust in our CoO shells, which have as many as 10 4 -10 5 Co moments.
In conclusion, we report here the observation via inelastic neutron scattering measurements of new low energy excitations in Co core/CoO shell nanoparticles, which were also shown to be present in powdered bulk CoO. While previous measurements have focussed on q=0 precessional modes or surface modes, this is the first observation of a magnetic excitation with length and time scales that are well matched to those involved in the reversal of nanoparticle magnetization. The energies and dispersions of these excitations are very similar in bulk and nanoscaled CoO, and our analysis suggests that the exchange splitting of the crystal field and spin -orbit split Co 2+ states is much weaker than previously considered. Dramatic finite size effects were observed in the nanoparticles. The excitation linewidths are much broader in the CoO nanoparticle shells than in powdered bulk CoO, reflecting a greater role for impurity scattering in limiting the excitation lifetime in the former. While the magnetic excitation is found only near the magnetic ordering wave vector in powdered bulk CoO, this mode is diffuse in the nanoparticle shells. We present evidence that there is a massive rearrangement of magnetic spectral weight to larger energies in nanoscaled CoO, relative to the bulk. Our experiments indicate that the magnetic excitations that modulate the nanoparticle magnetization are on average shorter ranged and shorter lived than their analogs in bulk CoO.
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